In this study, a 1D hydro-mechanical model was developed by coupling a dual-permeability model with an infinite slope stability approach to investigate the influence of preferential flow on pressure propagation and slope stability. The dual-permeability model used two modified Darcy-Richards equations to simultaneously simulate the matrix flow and preferential flow in a slope. The simulated pressure head was sequentially coupled with the soil mechanics model. The newly-developed numerical model was codified with the Python programming language, and benchmarked against the HYDRUS-1D software. The benchmark example showedthat the proposed model is able to simulate the non-equilibrium phenomenon in a heterogeneous soil. We further implemented the model to conduct a synthetic experiment designing a slope with heterogeneous soil overlying an impermeable bedrock as a combined analysis of hydrology and slope stability, the results shows that the occurrence of preferential flow can reducing the time and rainfall amount required for slope failure. The proposed model provides a relatively simple and straightforward way to quantify the effect of preferential flow on the pressure propagation and landslide-triggering in heterogeneous hillslope.
Introduction
Rainfall-induced shallow landslides are among one of the most frequent natural hazards in mountainous areas [1] [2] [3] . Slope instability is often initiated by a fast pore-water pressure response to precipitation or snow-melt events that reduces the suction stress and shear strength of the slope [3] [4] . Therefore, quantification of pore pressure propagation in a subsurface hydrological system is critical to simulate the timing and location of rainfall-triggered landslides [4] [5] [6] .
In response to rain-pulses, the pressure propagation in a saturated soil is nearly-instant due to a low compressibility of the saturated soil [5] [6] . While, in an unsaturated soil, fast pore water response might be related with preferential flow bypassing the adjacent soil matrix, directly reaching the groundwater table [7] [8] [9] [10] . Preferential flow paths, such as cracks, macropores, fissures, pipes, etc., are common features in slopes [6] [7] [8] [9] [10] [11] . Increasingly sophisticated models have been developed for simulating preferential flow in various environmental systems [12] [13] [14] . The widely-used dual-permeability models conceptualize the soil as two porous domains that interact hydrologically: the more permeable domain with associated larger porosity represents the macropores, fractures, fissures, and cracks; and the less permeable domain with lower porosity represents the soil matrix [14] [15] [16] [17] .
Yet, most of the hydro-mechanical models calculate the pore water pressure based on a single-permeability assumption 18 , and the effects of preferential flow on pressure wave propagation and landslide-triggering under highintensity rainstorms are rarely quantified. Therefore, the objective of this paper is to describe a hydro-mechanical model, which couples a 1D dual-permeability model simulating infiltration and lateral flow along a slope gradient with an infinite slope stability approach. Such direct coupling of dual-permeability hillslope hydrological model and slope stability calculation allows to quantify the influence of preferential flow on slope stability under different boundary conditions. First we present the model set up, then we use a synthetic numerical experiment for model validation. Thereafter, we investigate pressure propagation and landslide-triggering under the influence of preferential flow in a pre-defined heterogeneous hillslope.
Model description and numerical implementation

Steady initial pressure distribution
In a conceptualized 2D hillslope, the groundwater table at lower part of the slope is higher, which is therefore highly correlated with the slope failure. Here, we adopt a widely-used approach to estimate the groundwater table at the lower part of the slope that further can assist in specifying an initial pressure distribution along a vertical profile of the slope. Considering a long-term lateral steady flow parallel to the slope (Fig.1 ), the water table height at the slope bottom h G can be expressed as 3 :
WhereD (deg) is the slope angle,K (LT -1 ) is the hydraulic conductivity of the soil material,L(L) is the length of a slope,R and E (LT -1 ) are the flow rate of rainfall andevaporation,and Q leak (L 2 T -1 ) is the groundwater leakage.
Assuming a leakage flow q leak (LT -1 ) normal to the bottom boundary of the slope, the specific discharge qin the normal direction (Z) of the slope can be expressed by Darcy's Law 5 :
whereh (L) is the pressure head,K s (LT -1 ) is the saturated hydraulic conductivity.Equation (2) implies that an extra elevation head of gravitational gradient (sinDin Eq.1) drives a parallel saturated flow in the hillslope (cosDin Eq.2). As a result, the water pressure head distributioncan be derived as:
Furthermore, the pressure distribution at a vertical coordinate system can be written as:
where z(L) is the vertical coordinate (positive upward). For hydrostatic conditions, the initial pressure head distribution can approximately be specified with a linear distribution following Eq.4 for the vertical soil profile. 
Transient pressure response
Ina hillslope, the transient pressure response to rain-pulsescan be simulated by the modified Darcy-Richards equation that was originally proposed as a single-permeability model 19 . Here we extend it to a modified dualpermeability model to simulatematrix flow as well as preferential flow 15 : 1 cos
where the subscript f indicates the preferential flow domain, the subscript m indicates the matrix domain,t (T) is time,
is the water content, C (dT/dh) (L -1 ) is the differential water capacity, h (L) is the pressure head, K (LT -1 ) is the unsaturated hydraulic conductivity, w (-) is the volume fraction of the preferential flow domain or the matrix domain,* w (T -1 )is the water exchange term, and D w (L -2 ) is the water exchange coefficient 19 .
The Mualem-van Genuchten model is used to describe the hydraulic properties of both the matrix and the preferential flow domains 20 :
where4(-) is the effective saturation; T(L 3 L -3 ) is the volumetric water content with subscript r and s denote the residual and saturated state;D VG (L -1 ), n VG (-), and m VG (-) are fitting parameters;S s (L -1 ) denotes the specific storage.
Surface boundary condition for dual-permeability model
The boundary conditions of the Darcy-Richards equation could be specified for pressure head, flux, or mixed [16] [17] . The specified infiltration fluxi(LT -1 ) on a dual-permeability soil surface is divided into the two constituting domains:
where i f and i m are specified boundary fluxes on the surface of the matrix domain and the preferential flow domains respectively. We assume the preferential flow not to be triggered at the beginning of a rainfall event, and consequently, the infiltration process starts in the matrix domain only: m m R i w i (10) In case the specified flow at the matrix surface exceeds its infiltration capacity, the boundary condition of the matrix domain changes to a specified pressure head. Hereafter, the infiltration-excess water at that time-step will be reallocated to the surface boundary of preferential flow domain:
Once the specified flux into the preferential flow domain is larger than its infiltration capacity, the boundary conditions of both domains are changed to the specified pressure head corresponding to the surface water ponding depth.
Infinite slope stability approach
Using an infinite slope stability approach to formulate the factor of safety F s (-), it is expressed as a ratio of resisting force to gravitationally driving force with three terms (i.e., friction angle term, cohesion term, and suction stress term) 21 :
where z H (L) is the depth that below the soil surface; cc(ML -2 T -2 ) is the effective cohesion; Ic(deg) is the friction angle; G(ML -2 T -2 ) is the weight of soil; V s (ML -2 T -2 ) is the suction stress; p w (ML -2 T -2 ) is the pore water pressure; and F (-) is the matrix suction coefficient, which can be approximated by the effective saturation 22 .
Numerical implementation
The dual-permeability model is numerically solved by an author-developed script under Python2.7 programming environment, in which the algorithmsuse implicit finite difference method and Picard iteration technique in each time step 22 .During simulation, the tolerable error of water content is set to 0.0001, and the time step is dynamicin the range of 0.015~2 min, ensuring the numerical accuracy and computational efficiency.
The hydrological results are sequentially coupled with the soil mechanical calculations as follows: i) the soil moisture distribution (Eq.13) determines the unit self-weight of soil; ii) the effective saturation and the pore water pressure (Eq.14) influence the suction stress and consequently the shear strength. The dual-permeability model simulates the non-equilibrium phenomenon of different water contents, pore water pressures, and flow velocities between the two domains [13] [14] . The total water content and effective saturation can be evaluated by the weighted average of two domains. In this study, the pore water pressure in the preferential flow domain is assumed to be the "effective pressure head" for calculating the slope stability analysis [16] [17] . However, in Section 4 weshow and discuss the differences of simulated slope stability using the pressure head from either the matrix domain or preferential flow domain.
Benchmark with HYDRUS-1D
A simple synthetic dual-permeability problem that can be simulated with HYDRUS-1D, is used as a benchmark case to demonstrate the ability, accuracy and effectiveness of our hydrological code for modelling non-equilibrium flow in a dual-permeability soil. We use a 10 hours constant-head infiltration experiment in a sandy-loam soil column with an infinitely-deep groundwater level. The soil is conceptualized with two domains, in which the preferential flow and matrix flow co-exist. First, the initial condition of dual-permeability model is specified with a unit hydraulic gradient of a uniform pore water pressure distribution with a value of -2 m H 2 O in both the matrix domain and the preferential flow domain. Second, the specified upper boundary is a constant pressure head of -0.001 m H 2 O, and the specified lower boundary is gravitational drainage. The parameters of two water retention curves and two soil hydraulic conductivity functions of the Mualem-van Genuchten modelare specified in Table 1 following the approach of Kohne et al. 24 . Lastly, the water exchange coefficient D w is set to as a moderate value of 0.01 cm -2 to be able to obtaina non-equilibriumphenomenon with a clear difference in water exchange between 2 domains. Fig.2showsthe infiltration development in 2-hour timestep profiles of simulatedwater content, pressure head, and water exchange fluxes in two domains. Fig. 2c shows the total water content as a weighted average, and Fig. 2f shows the water exchange between two domains. Under a surface ponding condition, the wetting front in preferential flow domain is much faster than that in matrix domain, which causes the non-equilibriumphenomenon in termsof different water contents and pressure heads between two domains.The pressure difference between two domains drives the water exchange fluxes. The simulated resultsobtained by our Python code showed good agreementwith the HYDRUS-1D simulations. 
Example of combined hillslope hydrology and soil mechanics analysis
In this section we present the results of combined hillslope hydrology and slope stability analysis for a synthetic slopethat has dual-permeability hydraulic features. We used a 100m long slope with 1.5 m thick clay soil overlying an impermeable bedrock, and the slope angle isset to 30°. Table 2 shows the soil hydraulic parameters 24 . Furthermore, we specify the soil mechanicalparameters as follows: the dry bulk density is 1.62 kg/m 3 , the friction angle is 25 and the effective cohesion is 6 kPa. For specifying the initial condition, the water storage variation is neglected. Thus, the initial groundwater table of the hillslope is influenced by lateral drainage, which ismainly controlled by topography (slope angle and thickness), soil hydraulic properties (hydraulic conductivity),and longterm meteorologicalconditions (rainfall and evaporation).For instance, if we considera net rainfall of 1000 mm/year, the initial groundwater tableestimated with Equation (1) is approximately 54 cm above the bedrock. Hereafter, the initial pressure distribution in two domains can be specified as the steady state pressure profiles following Equation (4). In our simple synthetic experiment, the rainfall event is set as a constant 10 mm/h with a duration of 10 hours (Fig.3a) , and such a rainfall is sufficient to inducetransient pressure response and landslide in the defined hillslope. Fig.3 The simulated soil storage, pressure head and factor of safety under Experiment 2 with a 10 mm/h rainfall The simulatedwater storage changes, and pressure headat 1.5 m depth of the twodomains are given in Fig.3 . The mass-balance error is less than 2%during the first 5 hours, after which the soil profile is approaching full-saturation and the storage variation is approaching zero (Fig. 3a) . The dual-permeability model simulates pressure heads for both domains (Fig.3b ). In Figure 3c we provide the calculated factor of safety using either h f or h m to demonstrate the influence on slope stability of the selection of the pore water pressure information: from the matrix or from the preferential flow domain. The factor of safety calculated with h f shows a 2-hour earlier failure time than that calculated with h m (Fig.3c) . Figure 4 shows the detailed hydrological results of the numerical simulations.In casethe rainfall intensity is larger than the infiltration capacity of the matrix domain, surface ponding develops (positive pressure head, Fig. 4 b,e ) and a clear saturated wetting front in the matrix domain. However, the rainfallintensity is not sufficient to cause a surface ponding onthe preferential flow domain. The wetting front in the preferential flow domain remains unsaturated, and consequently the pressure head in preferential flow domain is lower than that in matrix domain (Fig. 4a, d) . Therefore, water exchange occurs fromthe matrix towards preferential flow domain in the shallow surface soil (0-10 cm) ( Fig. 4f ). Fig. 4 The simulated soil hydrology profilesunder Experiment 2 with a 10 mm/h rainfall However, as the wetting front (unsaturated) progressed faster in the preferential flow domain,water exchange takes place from preferential domain towards matrix domain ( Fig.4f ) and furthermore, water reaches the lowest part of the soil matrix via preferential flow path, so by-passing the soil matrix. The pressure response in preferential flow is much quicker than that in matrix domain,and the preferential flow develops a perched groundwater tableafter sufficient amount (36 mm) of rainfall. Consequently, the pressure head of preferential flow in deeper soil is larger than that of matrix flow domain, which drives a positive water exchange flow transferring water from the preferential flow domain to the matrix domain ( Fig.4f: 4-6 h) . Finally, the pressure head of the two domains will reach an equilibrium condition after 8 hours ( Fig.4 d, e ).
Conclusions
This study presenteda 1D hydro-mechanical model thatintegrated a modifieddual-permeability model with infinite slope stability approach, which can quantify the influence of preferential flow on pressure propagationand slope failure initiation under different slope angles in a fast and relatively simple way.The model was tested with two numerical examples. The first experimentbenchmarkedthe newly-developed model against the HYDRUS-1D software, and showed that the author-programmed Python code providesa reliableand fast numerical solution to simulate the combined matrix flow and preferential flowas well as the complex subsurface flow processes. Secondly, we reporton a syntheticnumerical experimentfor combined hillslope hydrology and soil mechanics analyses, which highlighted the complex soil hydrological conditions which control water and pressure wave propagations in the case of a dual-permeability subsurface.Theproposed model is a relatively simple and useful tool for coupling the dualpermeability model and slope stability analysis.The planned future work includes the extension of the dualpermeability model to simulate complex natural hydrological systems under the influence of evaporation, transpiration, interception, surface runoff, etc.
